Background: Concerns exist regarding the prevalence and impact of unnecessary oxygen use in patients with acute respiratory distress syndrome (ARDS). We examined this issue in patients with ARDS enrolled in the Large observational study to UNderstand the Global impact of Severe Acute respiratory FailurE (LUNG SAFE) study.
Key messages
Hyperoxemia and excess FIO 2 use was prevalent in patients with early ARDS. Hyperoxemia occurred in 30% of patients, while two thirds of these patients received excess oxygen therapy. While a similar proportion of patients were hyperoxemic on day 2 of ARDS, higher FIO 2 use did decrease. Consequently, most day 2 hyperoxemia was seen in patients at lower FIO 2 , in whom gas exchange was improving.
In the majority of patients, both hyperoxemia and excess oxygen use were transient, although sustained hyperoxemia occurred in 12% of patients. Higher FIO 2 use was independently associated with the risk of hyperoxemia, illustrating the need for close attention to oxygen use to reduce this risk. We found no relationship between the degree and duration of hyperoxemia or of excessive oxygen use, and outcome in early ARDS, in this patient cohort.
Background
Acute respiratory distress syndrome (ARDS) is a syndrome characterized by impaired gas exchange resulting in low oxygen tensions in the blood (i.e., hypoxemia) and tissues (i.e., hypoxia) [1] . Tissue hypoxia is harmful, leading to cell death, organ failure, and increased mortality in the critically ill [2] . While oxygen therapy can reverse tissue hypoxia, little evidence exists regarding the optimal use of oxygen in patients with ARDS. Critically ill patients frequently receive higher inspired oxygen concentrations than necessary [3] , perhaps due to concerns regarding tissue hypoxia [4, 5] . Hyperoxemia and the resultant tissue hyperoxia may worsen systemic organ injury in the critically ill. Arterial hyperoxemia has been associated with increased mortality in some older [6] [7] [8] but not more recent [9, 10] studies of patients with acute brain injury. Hyperoxemia was associated with worse outcomes in cohort patients with acute ischemic stroke or subarachnoid/intracerebral hemorrhage that required invasive mechanical ventilation [11] . Supplemental oxygen therapy worsened myocardial injury and infarct size in patients post myocardial infarction [12] . In patients resuscitated post cardiac arrest, hyperoxia has been associated with harm in several [13] [14] [15] [16] studies, although the most recent study [17] did not confirm this. Potential mechanisms of oxygen toxicity remain poorly understood and may include systemic arterial vasoconstriction [18, 19] , and cytotoxic effects of reactive oxygen species [20] [21] [22] . In randomized trials, "induced" hyperoxia (using 100% oxygen) increased 28-day mortality in septic shock patients [23] , while critically ill patients randomized to a target arterial oxygen tension (PaO 2 ) of 70-100 mmHg had lower mortality compared to patients with a "conventional" target of PaO 2 up to 150 mmHg [24] in a single-center study. While a recent large international multicenter trial demonstrated no effect of conservative oxygen therapy in a diverse cohort of critically ill patients [25] , a subsequent sub-study raised the possibility of clinically important harm with conservative oxygen therapy in patients with sepsis [26] .
In ARDS, the relationship between oxygen use and outcome is complex. The severely impaired gas exchange means that high fraction of inspired oxygen (FIO 2 ) use may simply reflect a more severe alveolar-arterial oxygen gradient and hence be a marker of ARDS severity. In mild ARDS, relatively modest levels of FIO 2 may result in (moderate) hyperoxemia and tissue hyperoxia. In addition, severe degrees of systemic hyperoxemia (i.e., PaO 2 > 300) associated with harm in other critically ill populations are not possible in ARDS. However, even moderate systemic hyperoxemia that may be more commonly seen in ARDS could be harmful [27] . Furthermore, the use of high FIO 2 can have direct toxic effects on the lung [28, 29] , sensitize the lung to subsequent injury, adversely affect the lung innate immune response [30] , and worsen ventilation-induced injury [31] [32] [33] . These complexities highlight the need to distinguish between hyperoxemia and high FIO 2 use. In patients receiving high FIO 2 , it is important to determine whether this was necessary to achieve normoxemia or if it could have been avoided (i.e., excess oxygen use).
We wished to examine the impact of hyperoxemia and of excess oxygen use in this secondary analysis of patients with ARDS in the LUNG SAFE patient cohort [34] . Our primary objective was to determine the prevalence of early and sustained hyperoxemia and of excess oxygen use in patients with hyperoxemia. Secondary objectives included identifying factors associated with hyperoxemia and with excess oxygen use and examining the relationship between hyperoxemia and excess oxygen use and outcomes from ARDS.
Methods

Design, setting, and participants
This is a sub-study of the LUNG SAFE study, an international, multicenter, prospective cohort study of patients receiving invasive or noninvasive ventilation, and the detailed methods and protocol have been published elsewhere [34] . In brief, LUNG SAFE was an international, multicenter, prospective cohort study, with a 4week enrolment window in the winter season in both hemispheres [34] . National coordinators and site investigators obtained ethics committee approval and ensured data integrity and validity.
Given the study focus on early hyperoxemia and excess oxygen use, we restricted the study population to patients that fulfilled ARDS criteria within 48 h of ICU admission, and who remained in the ICU for at least 2 days from ARDS onset. Patients transferred from other ICUs after 2 days, patients that developed ARDS later in their ICU stay, and patients that received early ECMO were excluded ( Fig. 1 ). Additional methodological details are available in Additional file 1.
Data collection and analysis
All data were recorded for each patient at the same time each day within participating ICUs, normally as close as possible to 10 a.m. each day. Data on ventilatory settings were recorded simultaneously with arterial blood gas analysis. The following definitions were applied on day 1 and on day 2 of ARDS: hypoxemia (PaO 2 < 55 mmHg), normoxemia (PaO 2 55-100 mmHg), and hyperoxemia (PaO 2 > 100 mmHg). Excess oxygen use was defined as the use of FIO 2 ≥ 0.6 in patients with hyperoxemia (PaO 2 > 100 mmHg). Patients with hyperoxemia on days 1 and 2 of ARDS were considered to have sustained hyperoxemia. Analogously, we also defined patients with sustained hypoxemia and sustained normoxemia.
The duration of invasive mechanical ventilation (MV) was calculated as the number of days between the date of intubation and the date of extubation in ICU (or death, if the patient died under invasive MV). Similarly, invasive ventilator-free days were calculated as the number of days from weaning from invasive MV to day 28, and for patients who died before weaning, we considered to have a ventilator-free-day value of 0. Patient survival was evaluated at hospital discharge, or at day 90, whichever occurred first. Our other data definitions have been previously reported [34] [35] [36] [37] .
Statistical analyses
Descriptive statistics included proportions for categorical and mean (standard deviation) or median (interquartile range) for continuous variables. No assumptions were made for missing data. To assess differences among three groups (systemic hypoxemia, normoxemia, and hyperoxemia), we performed chi-squared test (or Fisher exact test) for discrete variables and analysis of variance (ANOVA) (or Kruskal-Wallis test) for continuous variables. Bonferroni correction was applied to determine significance in the setting of multiple comparisons. Chi-square test (or Fisher exact test), Student's t test (or Wilcoxon Mann Whitney test) were used to assess Fig. 1 Flow chart describing criteria used to select and to classify the ARDS study population differences between groups (i.e., sustained hyperoxemia and sustained normoxemia) in discrete and continuous distributions of parameters, respectively.
Locally estimated scatterplot smoothing (LOESS) method was used to inspect the relationship between mortality and PaO 2 and FIO 2 measured on day 1 and on day 2 of ARDS.
Multivariable logistic regression models were used to evaluate factors associated with the presence of either hyperoxemia or excess of oxygen use, and with mortality. In each regression model, the independent predictors (demographic characteristics and clinical parameters measured at the first day of ARDS) were identified through a stepwise regression approach. This approach combines forward and backward selection methods in an iterative procedure (with a significance level of 0.05 both for entry and retention) to select predictors in the final multivariable model. Results were reported as odds ratio (OR) with 95% confidence interval (CI).
Propensity score matching method was applied to evaluate the possible impact of sustained hyperoxemia on main outcomes (mortality, ventilation-free days, and duration of MV) in patients with mild-moderate ARDS.
Patients with severe ARDS were excluded as there were no such patients in the sustained hyperoxemia group. In detail, patients with sustained hyperoxemia and sustained normoxemia were matched (1:1 match without replacement), using a caliper of 0.2 standard deviation of the logit of the propensity score, and the balance between the matched groups was assessed by the standardized differences of each independent variable used in the propensity score estimation. Statistical significance of the difference in continuous variables, as ventilation-free days and duration of MV, was evaluated with Wilcoxon signed-rank test, while for difference in proportions of deaths, we applied McNemar's test. Survival probability in these matched groups was estimated using the Kaplan-Meier approach and assuming that patients discharged alive from hospital before 90 days were alive on day 90. Statistical difference between survival curves was assessed through Kein and Moeschberger test. The same approach was used to assess the possible impact of excess use of oxygen on main outcomes.
All p values were two-sided, with p values < 0.05 considered as statistically significant. Statistical analyses were performed with R, version 3.5.2. (R Project for 
Results
Of 4499 patients that developed AHRF in the LUNG SAFE cohort, 2127 of these developed ARDS within 2 days of ICU admission, of whom 2052 remained in ICU for at least 2 days from ARDS onset. The study population consists of 2005 of these patients that did not receive ECMO (Fig. 1 ).
Systemic oxygen tensions
In the study population, 607 subjects (30%) were hyperoxemic, while 6.5% of patients remained hypoxemic, on day 1 of ARDS ( Fig. 2a , Table 1 , eTable 1). Density distributions of arterial oxygen tension on days 1 and 2 of ARDS ( Fig. 2b ) reveal similar PaO 2 profiles for days 1 and 2. In the hyperoxemic population at day 1, 59% had a transient hyperoxemia, while in 250 (41%) patients, the condition was sustained, with PaO 2 > 100 mmHg on both the first and second day of ARDS ( Fig. 1; eTable 2 ). All eTables are included in Additional file 1.
A multivariable analysis of factors independently associated with day 1 hyperoxemia identified higher FIO 2 use, lower PEEP, lower respiratory rate, a lower sepsis-related organ failure assessment (SOFA) cardiovascular score, and comorbidities such as neoplasm and/or immunosuppression and heart failure ( Table 2) .
Use of oxygen FIO 2 use varied widely across the spectrum of PaO 2 on day 1 of ARDS (Fig. 2c ). In patients that received a FIO 2 greater than 0.9 (459 patients), 11% had systemic hypoxemia, while 38% had hyperoxemia (Fig. 2c ). Median PaO 2 was similar across deciles of FIO 2 (Fig. 3a) . On day 2 of ARDS, the proportions of patients receiving higher FIO 2 decreased, although around one third of patients were hyperoxemic at each decile of FIO 2 (Figs. 2d and 3b,  c) . In contrast, 40% (57/131) of patients with hypoxemia on day 1 received a FIO 2 of 0.5 or less. Median FIO 2 decreased between day 1 and day 2 in patients with hyperoxemia, normoxemia, and hypoxemia (Fig. 3b ), although median PaO 2 remained similar across deciles of FIO 2 on day 2 (Fig. 3c ).
Excess oxygen use was seen in 400 patients, comprising 66% of all patients with hyperoxemia, on day 1 of ARDS (Table 1 ). In 315 patients (79%), excess oxygen use was transient, while in 85 (21%) patients, excess oxygen use was also seen on day 2 of ARDS. In multivariable analysis, factors independently associated with excess oxygen use included lower PaO 2 /FIO 2 ratio, Abbreviations: ARDS acute respiratory distress syndrome, BMI body mass index, COPD chronic obstructive pulmonary disease, FIO 2 fraction of inspired oxygen, P a O 2 arterial oxygen partial pressure, P a CO 2 arterial carbon dioxide partial pressure, PEEP positive end-expiratory pressure, PIP peak inspiratory pressure, q 1 first quartile, q 3 third quartile, SOFA sepsis-related organ failure assessment, SD standard deviation, SpO 2 peripheral oxygen saturation°P lateau pressure and driving pressure values are limited to patients in whom this value was reported and in whom either an assist control mode was used or in whom a mode permitting spontaneous ventilation was used and where the set and total respiratory rates were equal. Patients receiving HFOV or ECMO were also excluded ‡ Percentage was calculated on patients with FIO 2 available during the second day and with FIO 2 ≥ 0.60 at day 1 *p value < 0.05 (Bonferroni's correction), comparison with "Hypoxemia" group † p value < 0.05 (Bonferroni's correction), comparison with "Normoxemia" group higher PEEP, higher tidal volume, and chronic renal failure (Table 2) .
Hyperoxemia, excess oxygen use, and outcome
On day 1, LOESS demonstrated the relationship between unadjusted mortality risk and PaO 2 was relatively flat over the range of PaO2 (Fig. 4a ). On day 2, the unadjusted risk of hospital mortality increased in patients with systemic hypoxemia (Fig. 4b) . LOESS in non-hypoxemic patients demonstrated that unadjusted mortality risk increased with increasing FIO 2 on both days 1 and 2 (Fig. 4c, d) .
Multivariate analyses found no independent association between day 1 systemic oxygen tension or inspired oxygen concentration and outcome, in either the full study population or in the subset of patients with hyperoxemia (Table 3) .
In a propensity-matched analysis (n = 448), no outcome differences were found in patients with sustained hyperoxemia compared to matched sustained normoxemia patients (Fig. 5a; eTable 3) . Similarly, mortality in patients with hyperoxemia and excess oxygen use (42%) was not different to that in patients with normoxemia (39%, P = 0.47) in a propensity-matched sample (n = 666) ( Fig. 5b; eTable 4 ).
Discussion
Our findings demonstrate that hyperoxemia and excess FIO 2 use was prevalent in patients with early ARDS in patients enrolled in the LUNG SAFE cohort. Hyperoxemia occurred in 30% of patients, while two thirds of these patients received excess oxygen therapy. While a similar proportion of patients was hyperoxemic on day 2 of ARDS, higher FIO 2 use did decrease. Consequently, most day 2 hyperoxemia was seen in patients at lower FIO 2 , in whom gas exchange was improving. In the majority of patients, both hyperoxemia and excess oxygen use were transient, although sustained hyperoxemia occurred in 12% of patients. Higher FIO 2 use was independently associated with the risk of hyperoxemia, illustrating the need for close attention to oxygen use to reduce this risk. We found no relationship between the degree and duration of hyperoxemia or of excessive Abbreviations: BMI body mass index, FIO 2 fraction of inspired oxygen, PEEP positive end-expiratory pressure, PIP peak inspiratory pressure, SOFA sepsis-related organ failure, P a O 2 arterial oxygen partial pressure, IBW ideal body weight *Multivariable logistic model with presence of hyperoxemia (PaO 2 > 100 mmHg) as dependent dichotomous variable and the predictors were identified by stepwise approach. One hundred and fifty patients were excluded due to missing values for the response or explanatory variables. List of possible predictors in stepwise approach: age, sex, body mass index, comorbidities (presence of heart failure, diabetes mellitus chronic renal failure, chronic obstructive pulmonary disease or home ventilation, active neoplasm of hematologic neoplasm or immunosuppression), ARDS risk factors (none, only non-pulmonary, only pulmonary, both types), bicarbonates concentration, management factors (presence of invasive mechanical ventilation, tidal volume, PEEP, PIP, total respiratory rate, minute ventilation), and FIO 2 and SOFA components (CNS, cardiovascular, renal, liver, coagulation score)°M ultivariable logistic model with excess of oxygen use (FIO 2 ≥ 0.6 and PaO 2 > 100 mmHg) as dependent dichotomous variable and predictors identified by stepwise approach. Three hundred and eleven observations were deleted due to missing values for the response or explanatory variables List of possible predictors in stepwise approach: age, sex, body mass index, comorbidities (presence of heart failure, diabetes mellitus chronic renal failure, chronic obstructive pulmonary disease or home ventilation, active neoplasm of hematologic neoplasm or immunosuppression), ARDS risk factors (none, only nonpulmonary, only pulmonary, both types), bicarbonates concentration, management factors (presence of invasive mechanical ventilation, tidal volume, PEEP, PIP, total respiratory rate, minute ventilation), and PaO 2 /FIO 2 ratio and non-respiratory SOFA components (CNS, cardiovascular, renal, liver, coagulation score) oxygen use, and outcome in early ARDS, in this patient cohort.
Oxygen use in ARDS
The optimal use of oxygen in patients with ARDS remains unclear. While guidelines recommend the use of supplemental oxygen during acute hypoxemia [38] , specific therapeutic goals in terms of PaO 2 or SpO 2 are lacking. The ARDS Network targeted a PaO 2 of 55-80 mmHg in the ARMA trial of patients with ARDS [39] . The British Thoracic Society suggested a target SpO 2 of 94-98% in acutely ill patients who are not at risk of hypercapnic respiratory failure (only Grade D recommendation) [40, 41] .
Tissue hypoxia directly causes cellular death, leading to organ failure and increased mortality in ICU patients. In contrast, high oxygen concentrations may be directly toxic to the lung via mechanisms that remain poorly characterized but may include alveolar-capillary "leak" and fibrogenesis [42, 43] , arterial vasoconstriction [18, 19] , and the production of reactive oxygen species with consequent proinflammatory and cytotoxic effects [20] [21] [22] . Consequently, clinicians are faced with the task of titrating the amount of oxygen delivered to avoid both hypoxemia and hyperoxemia. Prior studies show that clinicians appear to use higher FIO 2 than is necessary in the critically ill [3] . While the reasons are unclear, potential explanations include concerns over the need to avoid tissue hypoxia, [4, 5] a desire to provide a "buffer" should a clinical deterioration occur, or because the consequences of hyperoxia are considered less severe than hypoxia.
Hyperoxemia in ARDS
In this study, hyperoxemia was seen on day 1 in a third of ARDS patients enrolled in the LUNG SAFE study. The fact that hyperoxemia was more prevalent than hypoxemia in patients immediately following the onset of ARDS, might seem surprising given that ARDS is a syndrome defined by impaired gas exchange but presumably reflects the effectiveness of ventilatory support and oxygen therapy. Of interest, hyperoxemia was associated with lower SOFA cardiovascular scores, suggesting that clinicians were not permitting hyperoxemia as a "buffer" in patients with shock. In this patient cohort, hyperoxemia was relatively transient in the majority of patients in early ARDS. A minority of patients had sustained hyperoxemia in this cohort. Interestingly, day 2 median FIO 2 was the same in patients with sustained hyperoxemia and normoxemia, while P/F ratio was substantially higher in the hyperoxemic patients. These findings suggest that sustained hyperoxemia in these patients is a function of rapidly improving gas exchange rather than excess oxygen use. Sustained hyperoxemia did not have a demonstrable impact on patient mortality. In the matched propensity score analysis, outcomes in patients with sustained hyperoxemia were comparable to that seen in normoxemic patients.
These findings contrast with prior findings regarding hyperoxemia in other critically ill cohorts. However, an important difference between these studies and the current study relates to the severity of hyperoxemia. De Jonge and colleagues reported an association between early hyperoxemia and outcome in patients with acute respiratory failure in the Netherlands [44] . However, this association was only seen in patients with relatively severe hyperoxemia (PaO 2 > 123 mmHg; uncommon in our cohort) and only on day 1 of ICU admission, while there was no adverse association between hyperoxia over the entire ICU stay and patient outcome. The potential for harm from hyperoxia in the critically ill appears to be enhanced with greater severity and "dose" of hyperoxemia [45] . In fact, in critically ill patient groups where lung function was relatively preserved, such as patients post cardiac arrest, harm was mainly associated with systemic oxygen tensions over 300 mmHg [13] . Greater degrees of hyperoxemia were likely in both the study by Girardis et al. [24] and in the HYPERS2S trial [23] of "induced" systemic hyperoxemia in patients with sepsis. Our study was focused solely on patients with ARDS, where due to their impaired gas exchange, they cannot attain this severity of systemic hyperoxia.
Oxygen use in ARDS
High inspired oxygen use was frequent in patients on day 1 of ARDS, with two thirds of patients with systemic hyperoxia receiving at least 60% oxygen in day 1-which we termed "excess oxygen use" on the basis that these patients could safely have had their FIO 2 reduced while maintaining normoxemia. Of importance, high FIO 2 use Fig. 4 Relationship between oxygen and outcome in patients with ARDS. a A locally estimated scatterplot smoothing (LOESS) of the relationship between PaO 2 on day 1 of ARDS and mortality risk. b A LOESS of the relationship between PaO 2 use on day 2 of ARDS and mortality risk. c A LOESS of the relationship between FIO 2 use on day 1 in non-hypoxemic patients with ARDS and mortality risk. d A LOESS of the relationship between FIO 2 use on day 2 in non-hypoxemic patients with ARDS and mortality risk. Note: LOESS uses a bandwidth 2/3 and 1 degree of polynomial regression was frequently transient, with a marked decrease in higher inspired oxygen concentration use on day 2. Nevertheless, at each decile of FIO 2 , approximately one third of patients were hyperoxemic, suggesting the potential existed to further reduce oxygen use. Of interest, there was an association between excess oxygen use and the use of higher tidal volumes.
Our unadjusted analyses suggested an association between higher FIO 2 and poorer outcome. However, in multivariate analyses, which accounted for lung injury severity, we found no independent association between high FIO 2 use and patient outcome. Propensity-matched analyses in patients excess FIO 2 confirmed no difference in mortality compared to normoxemic patients.
Our findings do not support prior concerns [24] raised regarding the use of higher FIO 2 in patients with ARDS that are not hypoxemic. This finding also contrasts with the analysis of patients in the ARDS Network trials that found that the cumulative duration of "above target" oxygen exposure (FIO 2 above 0.5 in ARDS patients while PaO 2 was > 80 mmHg) was associated with mortality [27] . While the reasons for the divergent findings are unclear, potential explanations include the fact that our analysis concentrated on early ARDS, the fact that high FIO 2 use was transient in most patients in our cohort, and the fact that this analysis may have been better adjusted for the impact of lung injury severity.
Limitations
This study has several limitations. The non-linearity of P/F ratio at different FIO 2 [46] makes it difficult to predict the effect of FIO 2 on PaO 2 /FIO 2 , especially when matching patients with mild ARDS. While we have adjusted our analyses to account for known measured confounders, the possibility remains that some of our findings may arise from unmeasured or residual confounding. Moreover, we cannot make causal inferences for any associations seen, given the observational nature of our study. Our dataset comprises daily arterial blood gas and FIO 2 data, taken at a standardized time each morning. It is possible that these data do not properly reflect the spectrum of FIO 2 use and PaO 2 data over the course of that day. Given this, in the hyperoxemia analyses, we focused on patients that were hyperoxemic on both days 1 and 2 of ARDS. There are no single accepted definitions for hyperoxemia, hypoxemia, or excess oxygen use, so our definitions are of necessity arbitrary, and other definitions have been used in other analyses. This could partly explain any divergence in findings across these studies. Lastly, our assumption that Abbreviations: BMI body mass index, PIP peak inspiratory pressure, SOFA sepsis-related organ failure assessment inpatients at day 90 survived to hospital discharge is a further limitation.
Conclusions
Our findings demonstrate that hyperoxemia and high fractional inspired oxygen use is prevalent in patients with early ARDS in patients enrolled in the LUNG SAFE cohort. Higher FIO 2 use decreased from day 1 to day 2 of ARDS, with most day 2 hyperoxemia seen in patients at lower FIO 2 , in whom gas exchange was improving. Reassuringly, we found no relationship between hyperoxemia or excessive oxygen use and patient outcome in this cohort.
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